As components of the apoptosome, a caspase-activating complex, cytochrome c (Cyt c) and Apaf-1 are thought to play critical roles during apoptosis. Due to the obligate function of Cyt c in electron transport, its requirement for apoptosis in animals has been difficult to establish. We generated "knockin" mice expressing a mutant Cyt c (KA allele), which retains normal electron transfer function but fails to activate Apaf-1. Most KA/KA mice displayed embryonic or perinatal lethality caused by defects in the central nervous system, and surviving mice exhibited impaired lymphocyte homeostasis. Although fibroblasts from the KA/KA mice were resistant to apoptosis, their thymocytes were markedly more sensitive to death stimuli than Apaf-1 −/− thymocytes. Upon treatment with ␥ irradiation, procaspases were efficiently activated in apoptotic KA/KA thymocytes, but Apaf-1 oligomerization was not observed. These studies indicate the existence of a Cyt c-and apoptosome-independent but Apaf-1-dependent mechanism(s) for caspase activation.
Introduction
The mitochondrion is a key element of intrinsic apoptosis induced by cellular stress (Green and Reed, 1998; Wang, 2001 . However, given that Cyt c's primary role in the cell is electron transport, these phenotypes likely result from defective oxidative phosphorylation rather than impaired apoptosis.
The early embryonic lethality associated with null mutation of Cyt c precludes analysis of the role of Cyt c-mediated apoptosis in development and tissue homeostasis. We therefore used gene targeting to disrupt the proapoptotic function of Cyt c while preserving its electron-transport function. Lysine 72 of the Cyt c protein appears critical only for its apoptotic function. Yeast Cyt c has normal respiratory function but lacks apoptotic function due to lysine 72 trimethylation (Kluck et al., 2000) . In mammalian cells, mutation of lysine 72 to alanine (K72A) abolishes Cyt c binding to Apaf-1 and reduces caspase-3 activity by 10-fold (Yu et al., 2001). We report here on Cyt c "knockin" mice in which a K72A mutation specifically abolishes the apoptotic function of Cyt c. We demonstrate that loss of Cyt c-mediated apoptosis disturbs brain development and has intrinsic and extrinsic effects on lymphocyte homeostasis.
Results

Generation of KA/KA Knockin Mice
The K72A (KA) knockin allele was introduced into the murine genomic Cyt c locus in embryonic stem (ES) cells by homologous recombination ( Figure S1A ). Southern blotting confirmed the integration of the KA allele in 3 of 300 G418-resistant clones, with no random integration of neo r ( Figure S1B ). Sequencing of the targeted Cyt c allele in all three homologous recombinants confirmed the correct introduction of the mutation (data not shown). Three independent lines of homozygous KA/KA mice were generated that showed no phenotypic differences. Genotypes were confirmed by PCR using primers able to distinguish the wild-type (wt) Cyt c allele from the KA allele after deletion of the loxPflanked cassette ( Figure S1C ).
Perinatal Lethality of KA/KA Mice KA/KA mice were born at a frequency of 12%, much lower than the expected Mendelian ratio (Table S1 ). Of these, 16 of 37 had forehead protrusions and died within 1-2 days. Timed gestational dissections revealed that KA/KA embryos were present at E14.5 at the expected Mendelian frequency. About 25% of E14.5 mutant embryos showed abnormal brain morphology in the form of ectopic masses with exencephalic defects and were clearly not destined to develop a skull or survive to birth. Compared to control mice ( Figures 1A, 1B , and 1G), KA/KA mice showed expansions of the cortex and midbrain ( Figures 1C-1E and 1H ) that caused cranial enlargement. Overgrowth of cortical neural tissue and ventricular-zone expansion were evident in histological sections of mutant brains ( Figures 1E and 1H) . The rostral expansion of the forebrain ("cauliflowerlike mass") described in Apaf-1 −/− mice was also observed in KA/KA mice ( Figure 1F ). When the distribution of proliferating cells was examined in histological sections of wt ( Figures 1I and 1L) or KA/KA ( Figures 1J and 1M ) brains using BrdU incorporation, ectopic clusters of proliferating cells were observed in mutant brains that corresponded to the forehead protrusions ( Figure 1K) .
The exencephalic phenotype of postnatal day 1 (P1) KA/KA animals ( Figure 1N Figure 2B) . A relative decrease in cytoplasmic volume was observed in UVtreated KA/+ MEFs; this decrease was likely due to apoptosis-mediated shrinkage. When oxygen consumption was measured as an index for respiration rate, no differences were found ( Figure 2C and Table S2 ). The mutated Cyt c protein is thus released normally upon apoptotic stimulation and has intact respiratory function. However, biochemical analysis in a cell-free system showed that neither procaspase-3 nor procaspase-9 could be cleaved in KA/KA MEF extracts ( Figure  2D ). The procaspase-3 cleavage defect was rescued when recombinant Cyt c was added ( Figure 2E) . Thus, the lysine-to-alanine substitution at residue 72 in Cyt c severely impairs its ability to activate caspases. Figure 3C ). Caspase-3 activity was impaired in UV-treated KA/KA MEFs ( Figure 3D ), and Apaf-1 oligomerization did not occur ( Figure 3E) . Thus, the KA mutation efficiently abolishes Cyt c binding to Apaf-1 and blocks apoptosome formation required for procaspase activation, rendering the MEFs resistant to apoptotic stimuli.
MEFs (
Cachexia, Hydrocephalus, and Lymphopenia in Juvenile KA/KA Mice More than half of surviving KA/KA mice developed severe cachexia such that they achieved only about 50% of normal body weight by age 3-4 weeks (Table S1; Figure 4A ). Spinning (running in circles with a bias toward one direction or the other), weakness, occasional hindleg paralysis, and an uncoordinated walk appeared with increasing age, culminating in death at age 3-4 weeks. Those viable mutant mice without cachexia displayed the spin phenotype, particularly when stressed. Hydrocephalus was prominent in 3-to 4-week-old moribund KA/KA mice. Dissection of the brains of these animals revealed severe damage to the neocortex, with most of the cellular contents replaced by cerebrospinal fluid (CSF) ( Figure 4B and data not shown). Histological analysis showed that most of the cortical structure had been lost and that the thalamus and hypothalamus were reduced in size ( Figure 4C) . Surprisingly, flow cytometric analysis of the lymphoid tissues of moribund KA/KA mice showed an absence of CD4 + CD8 + cells in the thymus. Total thymic cellularity was reduced by 100-fold compared to littermate controls ( Figure 4D ). Pre-B cells were not detected in the BM, and splenic T and B cell numbers were decreased by 50-fold. However, there were no significant differences between mutants and controls in myeloid cell numbers in spleen or BM (data not shown). At birth, T cell development in the mutant thymus appeared normal (data not shown). At age 2 weeks, T cell development in the thymus, B cell development in the BM, and lymphocyte cellularity in the spleen and lymph nodes were relatively normal in wasting (but not moribund) KA/KA mice after correction for their smaller size (data not shown). To investigate whether the lymphocyte defects observed in moribund KA/KA mice were intrinsic to these cells or due to external factors, we transferred BM cells of mutant mice that had developed severe lymphopenia into Rag-1 (recombination activating gene 1) deficient recipients that had been sublethally irradiated (600 rads). T cell development in the thymus, B cell development in the BM, and the cellularity of T and B cells in the peripheral lymphoid organs of the recon- , 1980) . However, serum glucocorticoid levels in lymphopenic KA/KA mice were normal (data not shown). Moribund KA/KA mice also showed normal serum TNFα levels and blood cultures negative for bacteria (data not shown), ruling out septicemia. Serum glucose levels were also normal. Gross histological analysis of moribund mice showed no obvious pathological changes in lungs, heart, kidneys, liver, pancreas, or stomach except the previously noted severe damage to the cortex and opportunistic infections in the intestinal tract ( Figures 4B and 4C and data not shown) .
To determine if the brain damage in KA/KA mice affected their endocrine-gland function, we examined the adrenal, thyroid, and pituitary glands of these animals. H&E staining revealed normal adrenal and thyroid glands (data not shown). However, the pituitary gland in mutant neonates was thinner and longer than in con- cating that their rapid weight loss was not due to dehydration caused by kidney defects.
Significantly, the incidence of wasting and thymic atrophy in viable KA/KA mice correlated with the GH defect. Thymic atrophy and immunodeficiency are also present in dwarf (dw/dw) mice, which lack anterior pituitary hormones (including GH). The immune-system deficits in dw/dw mice can be reversed by GH treatment (Reichlin, 1993). To determine if a lack of GH accounted for the development of thymic atrophy in KA/ KA mice, we treated neonatal pups from KA/+ × KA/+ or KA/KA × KA/+ breedings with GH every other day for 3-4 weeks. Among the GH-treated mice, six were KA/ KA mutants exhibiting a wide skull and early signs of wasting. Compared to PBS-treated or -untreated mutant mice, 3 of 6 GH-treated KA/KA mice showed no loss of body weight at age 3-4 weeks ( Figure 5E , left and middle panels) and had relatively normal thymi containing CD4 + CD8 + cells ( Figure 5F ). Numbers of T and B cells in the spleens of these animals were also relatively normal (data not shown). However, the three remaining GH-treated KA/KA mice still developed thymic atrophy and severe wasting comparable to that seen in untreated or PBS-treated KA/KA mice ( Figure  5E , left and right panels and Figure 5F ). Thus, a lack of GH only partially accounts for the wasting and lymphopenia observed in KA/KA mice. KA/KA mice exhibiting wasting usually became moribund at the age of 3-4 weeks, losing about 15%-20% of their body weight within 2-3 days ( Figure 5E , left panel). Of the 10 moribund mice analyzed, all mice that developed hydrocephalus also displayed thymic atrophy and lymphopenia ( Figures 4B-4D and data not  shown) . Thus, the development of lymphopenia and hydrocephalus appear linked in wasting KA/KA mice. , 2002) . However, thymocyte development and thymic cellularity in KA/KA mice with the spin phenotype were normal (data not shown). Furthermore, thymocytes from these mutants were normally sensitive to a wide range of apoptotic stimuli, including dexamethasone, etoposide, γ irradiation, and UV irradiation ( Figure 7A ). In contrast, except in the case of UV, Apaf-1 −/− thymocytes showed a partial resistance to all of these stimuli that was most obvious at high doses. KA/KA and Apaf-1 −/− thymocytes were equally sensitive to death induced by anti-CD3 plus anti-CD28 crosslinking, Fas ligation, or neglect. To rule out the possibility that the sensitivity of KA/KA thymocytes was due to a neurological abnormality, we repeated these experiments using thymocytes from Rag-1 −/− mice reconstituted with BM from wasting KA/KA, Apaf-1 −/− together with control mice and confirmed that KA/KA thymocytes are sensitive to induction of apoptosis ( Figure 7A) .
Lack of Cyt c-Mediated Apoptosis Leads to Development of Splenomegaly and Lymphadenopathy
Previous biochemical data (Wang, 2001) have suggested that Apaf-1 is the only downstream target of Cyt c. The similarities of the neuronal abnormalities in KA/ KA and Apaf-1 −/− mice and the resistance of KA/KA and Apaf-1 −/− MEFs to apoptotic stimuli support this notion. However, the sensitivity of KA/KA thymocytes to apoptotic stimuli suggests that other Cyt c targets may exist. We performed extensive biochemical analyses to dissect apoptotic signaling in KA/KA thymocytes. Surprisingly, procaspase-9 and procaspase-3 were as efficiently cleaved in γ-irradiated KA/KA thymocytes as in controls (Figure 7B ), even though Apaf-1 failed to oligomerize ( Figure 7C ). This result stands in contrast to UVtreated KA/KA MEFs, where impaired caspase activation ( Figures 2D and 3D) was associated with an absence of Apaf-1 oligomerization ( Figure 3E ). Our data thus indicate that an apoptosome-independent pathway of caspase activation exists in KA/KA thymocytes. Furthermore, flow cytometric analysis showed that the kinetics of procaspase-9 and procaspase-3 cleavage in γ-irradiated KA/KA thymocytes were comparable to controls ( Figure 7D) . Interestingly, about 50% and 23% of γ-irradiated Apaf-1 −/− thymocytes exhibited activation of caspase-9 and caspase-3, respectively, at 24 hr postirradiation. Parallel to the case of procaspase-9 cleavage, the cleavage of two other initiator caspases, procaspase-2 and procaspase-8, occurred normally in γ-irradiated KA/KA thymocytes, whereas the activation of these procaspases was delayed in γ- The extrinsic defect in lymphocyte homeostasis was evidenced by the fact that the thymic atrophy and lymphopenia phenotypes seen in KA/KA mice resolved in Rag-1 −/− KA/KA chimeric mice. The reduced GH production observed in some KA/KA mice may be relevant here, although there is controversy concerning the effect of reduced GH on thymopoiesis. In dw/dw mice, which have a pituitary-gland deficiency, thymic atrophy is observed by some groups but not others (Dorshkind and Horseman, 2000) . Housing conditions can have a drastic effect, as thymic cellularity is normal when dw/ dw mice are housed alone but markedly reduced when they are kept with their normal-sized littermates (Dorshkind et al., 2003). In KA/KA mice, it may be that stress in the form of hydrocephalus combines with GH deficiency to trigger thymic atrophy. However, there must be additional factors involved because the lymphopenia in 50% of surviving KA/KA mice could not be prevented by GH.
In conclusion, we have taken a genetic approach to definitively demonstrate that Cyt c is essential for the apoptosis required for normal brain development and lymphocyte homeostasis in mice. Specific disruption of Cyt c's apoptotic function has also revealed the existence of an apoptosome-independent caspase activation pathway in thymocytes. Finally, we have shown that GH defects may be associated with lymphocyte loss, highlighting the substantial impact of the hypothalamic-pituitary axis on immune-system regulation.
